To evaluate the effect of Ramadan fasting on parameters of insulin resistance in trained athletes at rest and after aerobic exercise. Methods: Nine male rugby players (age 19 ± 2 yr, height 1.78 ± 0.74 m) were tested 3 times: 1 week before observance of Ramadan (C), at the end of the first week (R1), and during the fourth week (R2). They performed a progressive cycle-ergometer test at each visit. Data collected at rest and at the end of aerobic exercise included simple anthropometry (body mass, body-mass index, body fat, fat-free mass), biochemical parameters (serum glucose, cholesterol, HDL cholesterol, triglycerides, creatinine, and serum proteins), and selected hormone concentrations (plasma insulin, leptin, and adiponectin). Results: Ramadan fasting was associated with a reduction of body mass and body fat (R2 vs. C, p < .01) without significant change in leptin or adiponectin levels. Conclusion: Lipolysis might have occurred because of increased plasma triglycerides and HDL cholesterol concentrations.
Athletes who observe Ramadan face the challenge of continued training in the face of 4 weeks when the intake of food and fluids is prohibited from dawn to dusk each day. This poses practical problems for competitors but also allows study of body reactions to a combination of restricted food intake and vigorous exercise. Larijani et al. (2003) found a significant decrease of blood glucose, positively correlated with an overall decrease of energy intake, in participants observing Ramadan. Adlouni, Ghalim, Benslimane, Lecerf, and Saile (1997) also observed significant decreases in serum total cholesterol (7.9%) and triglycerides (30%) during Ramadan, with associated increases in high-density lipoprotein (HDL) cholesterol and decreases in low-density lipoprotein (LDL) cholesterol (Adlouni et al.) . Other studies, however, have found no changes in either body composition or blood lipid concentrations during Ramadan (Maislos, Abou-Rabiah, Zuili, Iordash, & Shany, 1998; Roky, Houti, Moussamih, Qotbi, & Aadil, 2004) . Maislos et al. reported that plasma total cholesterol, triglycerides, LDL cholesterol, and very-LDL cholesterol all remained unchanged, although they observed a marked increase in plasma HDL cholesterol by the end of Ramadan fasting.
Compensatory changes in concentrations of leptin and adiponectin might be anticipated during Ramadan. Many authors have shown decreased plasma concentrations of leptin under conditions of negative energy balance (Bogdan, Bouchareb, & Touitou, 2005; Klein et al., 2000; Krieger, Sitren, Daniels, & Langkamp-Henken, 2006; Landt, Horowitz, Coppack, & Klein, 2001 ). There have been reports, however, of increases in plasma leptin during the observance of Ramadan (Kassab, Abdul-Ghaffar, Nagalla, Sachdeva, & Nayar, 2003) . These apparently contradictory results might reflect differences in experimental procedures (energy balance, initial fat mass, or level of physical fitness of participants) or the restriction of Ramadan fasting to daylight hours. Adiponectin might also play a role when energy intake is restricted, although this does not appear to have been studied during Ramadan observance. Ryan, Nicklas, Berman, and Elahi (2003) found no change in adiponectin levels when weight loss was induced by moderate dietary restriction in obese individuals. Likewise, Mazzali et al. (2006) noted that moderate weight loss resulted in a significant reduction of leptin concentrations but no changes in adiponectin levels.
Mechanisms determining changes in hormonal and biochemical parameters and consequent alterations in body composition with restricted intake of food are poorly understood, particularly if participants continue to engage in vigorous exercise. In another study, we found an increased oxidation of lipids in trained athletes who undertook submaximal exercise during Ramadan, with associated decreases in body mass and body-fat content (Bouhlel et al., 2006) . The under-lying mechanisms remain unclear (Wang, Liu, Hawkins, Barzilai, & Rossetti, 1998) , and there is a need for studies examining the impact of Ramadan observance on parameters of insulin resistance (e.g., glucose, leptin, adiponectin, body-mass index [BMI] , fat mass, triglycerides, cholesterol) and the response to exercise.
We tested the hypothesis that decreased plasma leptin concentration would accompany decreases in fat mass and BMI in a group of healthy and physically active young male rugby players who continued to undertake moderate-intensity exercise training during Ramadan. We evaluated associations with BMI, fat mass, and triglyceride and cholesterol levels at rest and immediately after bouts of aerobic exercise.
Materials and Methods

Participants
Nine trained male rugby players participated in this study (age, M ± SD, 19 ± 2 years; height, 1.78 ± 0.74 m; body mass, 80.4 ± 16.6 kg; body fat, 16.4% ± 5.5%). They were members of the Tunisian national rugby team, training for about 10 hr/ week (5  2 hr). None had any chronic disease or endocrine disorder. After receiving a description of the protocol, risks, and benefits of the study, all gave their written consent to a protocol approved by the Research Committee of the Faculty of Medicine of Sousse (University of Sousse, Tunisia). The study conformed to the standards set by the latest revision of the Helsinki Declaration.
Experimental Protocol
Participants recorded mealtimes and the quantities of all food ingested for 1 week before Ramadan. During Ramadan, they recorded averaged data for the entire 4-week period. Nutrient intakes were calculated using the Bilnut program (Nutrisoft, Cerelles, France) and the food-composition tables published by the Tunisian National Institute of Statistics in 1978.
Exercise tests were performed on three occasions: during the control period, 1 week before Ramadan (C); at the end of the first week (R1); and during the fourth week (R2). During the control period, the last meal was eaten between 8 and 9 p.m. on the previous evening, and exercise tests were undertaken between 10 a.m. and 12 p.m. Based on the times of sunrise and sunset in the year of our tests, fasting during Ramadan was from 5 a.m. to about 6 p.m., breakfast being taken normally just before 5 a.m. On the exercise test Days R1 and R2, however, we asked the participants to take their last meal at about 1 a.m. so that they would be without food and water for at least 12 hr before exercise testing (performed from 2 to 4 p.m.). The average laboratory temperature was 22-24 °C, with a relative humidity of 76%.
Anthropometry
Height and body mass were measured to the nearest 5 mm and 0.2 kg, respectively. A single trained observer made triplicate determinations of skinfold thicknesses at four sites (biceps, triceps, subscapular, and suprailiac), using a standard, recently calibrated Harpenden caliper (Holtain, Crosswell, UK); readings were taken 2 s after application of the calipers. Body densities were calculated using the equation of Durnin and Womersley (1974) :
Body density = 1.1765 -0.0744(log 10 ∑S) where ∑S is the sum of the four skinfold readings (in mm). Body fat was then estimated as (4.95/D -4.50)100, where D is body density. BMIs and waist-to-hip ratios were also calculated.
Exercise-Test Methodology
Participants were tested on an electromagnetically braked cycle ergometer (Ergoline, Bitz, Germany), using the protocol of Brandou, Dumortier, Garandeau, Mercier, and Brun (2003) . The laboratory temperature was held in the range of 22-24 °C. A metabolic analyzer (ZAN 600, Meßgeräte, Oberthulba, Germany) provided breathby-breath gas-exchange data. Heart rate was monitored continuously, using an electrocardiograph (ZAN ECG 800, Meßgeräte, Oberthulba, Germany). After a 3-min rest, the work rate was increased progressively through five 6-min stages corresponding to 20%, 30%, 40%, 50%, and 60% of W max (Brandou et al.) . A 4-min warm-down at 20% of W max completed each exercise bout.
Serum Measurements
Fasting blood samples were collected from a forearm vein after 5 min of seated rest and 3-5 min after exercise bouts. Samples were placed in an ice bath and centrifuged immediately. Aliquots of the resulting plasma were stored at -80 °C until analyzed. Serum glucose concentrations, total cholesterol, HDL cholesterol, and triglycerides were determined by a quantitative enzymatic technique, using the Randox kit (Randox, Antrim, UK). Serum creatinine and urea were estimated by a kinetic method, and protein concentrations were determined by the Biuret method. Serum insulin levels were determined by radioimmunoassay (Immunotech Kit, Marseille, France). Serum leptin and adiponectin levels (ng/ml) were measured in duplicate at rest and after exercise, using commercial RIA kits (Linco Research, St. Charles, MO). The threshold for leptin was 0.1 ng/ml, and the intraand interassay variations were 3.7% and 6.6%, respectively. The within-assay coefficient of variation for adiponectin was <10%. Duplicate samples were counted for 1 min in a gamma counter (Stratec Biomedical Systems, Birkenfel, Germany).
Statistical Analyses
All values are expressed as M ± SD. An analysis of variance with repeated measures compared means at C, R1, and R2. Simple linear-regression correlation was used to test associations between selected variables. Significance was accepted at p < .05.
Results
Anthropometric and Dietary Data
Body mass, BMI, and fat mass at C differed significantly from values seen during the final week of Ramadan (p < .01; Table 1), reflecting the combination of a small but significant loss of body fat and some dehydration. Compared with prefast control values, the estimated daily energy intake was reduced substantially during Ramadan (12.1 ± 3.8 MJ/day vs. 16.9 ± 3.0 MJ/day, p < .01). This reflected a reduction in the intake of both cholesterol (315 ± 102 vs. 559 ± 91 g/d, p < .001) and protein (84 ± 26 vs. 116 ± 19g/d, p < .01). Fat intake in grams per day did not change significantly during Ramadan observance (Table 1) , but it represented a significantly greater percentage of the total energy intake (44.4% vs. 32.8%, p < .01). Fluid intake also decreased during Ramadan, as confirmed by the hematological measurements; there was an estimated 9.6% fall in plasma volume by the end of Ramadan (Bouhlel et al., 2006) .
Concentrations of Substrate and Plasma Hormones at Rest and During Exercise
Plasma glucose, total cholesterol, and creatinine concentrations did not differ between conditions, either at rest or after exercise (Table 2) . Both resting and postexercise plasma triglyceride concentrations, however, were increased during Ramadan (p < .05). HDL cholesterol and proteins also increased during Ramadan observance, both at rest and after exercise (Table 2) . Urea concentrations decreased during Ramadan (p < .05). Leptin values decreased with exercise, but plasma insulin, leptin, and adiponectin levels did not differ significantly between conditions (Table 3) , and the adiponectin:leptin ratio remained unchanged.
We noted that plasma leptin concentrations were significantly correlated with BMI (r = .63, p < .05) and insulin levels (r = .92, p < .001).
Discussion
The main finding of the current study is that in trained rugby players Ramadan observance induced a reduction of body mass and body fat, as noted also by Fedail, Murphy, Salih, Bolton, and Harvey (1982) and Sweileh, Schnitzler, Hunter, and Davis (1992) . There were no changes in leptin or adiponectin concentrations, however, despite this weight loss. The total daily energy intake was significantly reduced during Ramadan, with a reduced intake of protein and especially of cholesterol, but fat intake represented an increased percentage of total daily energy intake ( Table   Table 1 1). Changes in body composition were less than suggested by the decrease of food intake (about 1 kg of fat loss, equivalent to some 1.4 MJ/d, despite a reported 4.8-MJ/day reduction in food intake). Formal training was not apparently reduced during Ramadan, suggesting that there might have been a considerable reduction of incidental activity over this season. Body mass decreased significantly and progressively over the 4-week period; fat was lost, but lean tissue was conserved, reflecting the fact that normal training continued during Ramadan. Bigard, Boussif, Chalabi, and Guezennec (1998) studied participants comparable to ours and found a similar tendency. Others saw an increased energy intake during Ramadan (Frost & Pirani, 1987) ; such discrepancies reflect individual food behavior, which depends on many factors including age, sex, physical activity, and the dietary customs of the country where the study is conducted. Our observations were made in Tunisia, in a year when Ramadan fell in September and October; participants fasted during daylight hours but tended to overfeed at night in an attempt to maintain their energy balance. Unfortunately, we did not record the exact time of awakening or the biological cycle of each participant. Our participants were students, however, so they would have left for school between 7 and 8 a.m., both during Ramadan and during the control period. These intervals between wakening and sampling are of interest when biological measurements are made and should be noted more precisely in future studies. As previously reported, the indirect-calorimetry respiratory-exchange ratios from our study indicated an increase in fat oxidation, both at rest and during submaximal exercise (Bouhlel et al., 2006) . The increased proportion of fat ingested led to a rise of plasma triglycerides and HDL cholesterol; lipids were more readily available and were used to a greater extent as an energy source. Lewis and Rader (2005) have pointed out that HDLs play a key role in the process of reverse cholesterol transport, promoting the efflux of excess cholesterol from peripheral tissues and returning it to the liver for biliary excretion. The type of dietary restriction associated with Ramadan observance could thus be a useful approach to augmenting plasma levels of HDL cholesterol and encouraging the regression of atherosclerosis. The increased plasma cholesterol will not in itself, however, suppress endogenous cholesterol synthesis (McNamara et al., 1987) ; this is sensitive to overall energy balance. McNamara et al. noted that plasma cholesterol levels were more sensitive to dietary-fat quality than to the quantity of cholesterol ingested. They suggested that responses to dietary cholesterol and fat are highly individualized and that most participants have effective feedback-control mechanisms.
The fact that plasma glucose concentrations were maintained and plasma insulin concentrations showed a nonsignificant trend to a decrease supports the contention of a predominant involvement of lipolytic metabolism. Creatinine levels did not change during Ramadan, so it does not appear there was any increase in the metabolism of endogenous protein; this observation seems in keeping with the moderate energy deficit implied by the fat loss (1 MJ/day) rather than the more severe deficit suggested by the dietary records (4.8 MJ/day). A substantial decrease in the intake of protein and carbohydrate can lead to a loss of muscle mass (Krieger et al., 2006; Lambert, Frank, & Evans, 2004) , and for this reason athletes are commonly advised to maintain their cholesterol and protein intake during periods of dietary restriction. In our study, however, plasma urea concentrations actually decreased during Ramadan, supporting the view that there was no increase of endogenous protein metabolism to compensate for the decreased protein intake. Energy balance is regulated in part by the hormones leptin and adiponectin. Leptin is a protein hormone produced by the adipocyte ob gene. It regulates food intake by acting on hypothalamic satiety receptors and other receptors in the liver, spleen, pancreas, kidney, and testes (Wang et al., 1998) . Adiponectin, derived from adipocytes, has insulin-sensitizing properties and might modify substrate utilization (Berg, Combs, Du, & Scherer, 2002) . Concentrations of adiponectin are commonly correlated with body composition and fat mass (Cnop et al., 2003) . Furthermore, Mazzali et al. (2006) have noted that moderate weight loss resulted in a significant reduction of plasma leptin but no changes in adiponectin concentrations. Our data showed considerable interindividual differences in plasma leptin and adiponectin levels, but contrary to our initial hypothesis, group averages showed essentially no changes during Ramadan, despite the total absence of food and fluid intake from 1 a.m. to sundown and the probable negative energy balance suggested by the fat loss and the dietary records. Bogdan et al. (2005) also found no change in the amplitude of variations in plasma leptin or the 24-hr mean concentration during Ramadan observance, although Kassab et al. (2003) reported increased concentrations. During longer periods of food restriction, the typical finding is a decrease in leptin levels (Klein et al., 2000; Kolaczynski et al., 1996; Korbonits et al., 1997; Landt et al., 2001; Maccario et al., 2000; Pratley, Nicolson, Bogardus, & Ravussin, 1997) . Zoladz et al. (2005) , however, also found no change in plasma leptin with overnight fasting. It also seems likely that moderate food restriction and dehydration have no effect on resting adiponectin values, at least in obese participants (Ryan et al., 2003) . Inoue, Maehata, Yano, Taniyama, and Suzuki (2005) suggested that the adiponectin:leptin ratio provided an effective measure of insulin resistance, but we found no change in this ratio. We thus conclude that the dietary restrictions imposed by Ramadan observance were insufficient to affect the leptin-adiponectin axis.
In agreement with the literature (Inoue et al., 2005) , we found significant correlations of leptin with BMI and insulin concentrations. Mazzali et al. (2006) also observed a moderate correlation between plasma leptin and waist circumference. In athletes, the leptin level is low and is closely related to their low body-fat content. As noted by some other authors (Gomez-Merino, Chennaoui, Drogou, Bonneau, & Guezennec, 2002), we found that leptin values decreased immediately after the 30-min progressive exercise test, significantly so with the restricted energy intake during the first week of Ramadan. In participants on a normal diet, Weltman et al. (1999) suggested that a "critical" dose of exercise was needed to reduce leptin levels, and they found no acute effect from 30 min of aerobic exercise in participants on a normal diet. Kraemer, Chu, and Castracane (2002) also concluded that although long bouts of exercise (≥60 min) reduced leptin concentrations, shorter bouts had no effect under normal dietary conditions.
The current data are preliminary, and the findings must be accepted with some caution for a number of reasons. The sample was small, and it was not possible to recruit an external control group. Moreover, all exercise bouts were performed on a day when participants had fasted for at least 12 hr. To achieve this, fasting blood samples were collected at about 1:30 p.m. during Ramadan but at 10 a.m. during the control period. These differences in the timing of sampling could have influenced both biochemical and hormonal values. Nevertheless, the data point to practical implications for both athletes who wish to reduce body fat and others following prescribed exercise and dietary regimens. Certainly, the increase of fat oxidation (Bouhlel et al., 2006) , coupled with a reduction of body mass, a loss of fat, and retention of lean mass, in our Ramadan-trained participants argues strongly for the benefits of combining exercise with dieting (Poehlman et al., 2001 ) when aiming to reduce body-fat content. Further studies using an external control group are now needed to confirm the current findings.
In conclusion, we observed Ramadan-induced favorable changes in body composition (loss of fat and a retention of lean tissue), but contrary to our initial hypothesis plasma concentrations of leptin and adiponectin were not affected. Lipolysis and increased fat metabolism occurred during the season of Ramadan because of an increase of plasma triglycerides and HDL cholesterol concentrations and an increased proportional intake of fat.
